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ABSTRACT
A Numerical Simulation Optimizing Droplet Motion Driven by Electrowetting
Jake Lesinski
A numerical simulation of electrowetting on a dielectric was performed in
COMSOL to grant insight on various parameters that play a critical role in system
performance. The specific system being simulated was the Open Drop
experiment and the parameters being investigated were the applied voltage,
contact angle at the advancing triple point, and droplet overlap onto neighboring
actuated electrodes. These parameters were investigated with respect to their
effect on droplet locomotion performance. This performance was quantified by
the droplets velocity and the dielectrophortic (DEP) force’s magnitude; the DEP
force was calculated from integration of the Maxwell Stress Tensor, however, the
force was not integrated into the simulation to assist with droplet movement.
It was found that as the droplet overlap onto the neighboring electrode, or
droplet radius to electrode size ratio, decreased, the droplet velocity increased.
As the applied potential increased, and induced contact angle at the advancing
triple point decreased, droplet velocity also increased. Both the decreasing
overlap and increasing voltage had a linear effect on droplet velocity. As the
droplet overlap increased, the rate of change of droplet velocity decreased as
increasing voltages were considered. A 2D DEP calculation illustrated that an
increase in voltage induced a tenfold increase in the corresponding DEP force; a
linear relationship was found between droplet overlap and DEP force for the
Open Drop size regime.
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Chapter 1 - Introduction
1.1. Problem Statement
Numerical simulations can grant exceptional insight to the realization of an
experiment or end product. The Open Drop experiment is an open source project
that invites the public to participate and immerse themselves into the world of
digital microfluidics. The layout of the fully functional experiment can be seen
below, in Figure 1.

Figure 1: The Open Drop experiment [1]
Realization of the Open Drop experiment in the Bioelectrofluidics Lab at Cal Poly
has not yet taken place and additional information, like system parameters, is
needed. A numerical simulation was used to investigate various parameters and
their potential effect on the functionality and performance of the Open Drop
experiment. The parameters that were investigated are contact angle, voltage,
1

droplet overlap onto adjacent electrodes. Each of these respective parameters
were investigated with respect to their effect on droplet velocity. These
parameters were selected to be analyzed due to their significance and ability to
be manipulated and vetted in COMSOL Multiphysics. Additionally, an estimate of
the various forces contributing to droplet locomotion will be conducted and
analyzed.
1.2. Project Motivation
The Open Drop experiment is a digital microfluidic platform that utilizes an
electric field to manipulate droplets on a hydrophobic surface. The manipulation
of droplets on a hydrophobic surface appears throughout the field of microfluidics
and has several assay based applications in industry and academia; some of
which revolve around diagnostics. The movement of the droplet across a
hydrophobic surface, used in conjunction with an immunological setup, like an
ELISA, would combine to form a complete diagnostic system. The modification of
the Open Drop experiment to be a diagnostic system would have several
advantages due to the external, or open surface microfluidics. The hydrophobic
surface interfacing the electrode and droplets, seen in Figure 1, contains all the
wetted portion of the system and is removable. This implies that the entire ELISA
setup could also be removed easily. The ease of removal of the ELISA setup
would allow for several different assays to be run on the same device with just a
quick switch of a preassembled hydrophobic surface and ELISA setup,
potentially specific to a disease.

2

1.3. Digital Microfluidics Introduction
Digital microfluidics (DMF) refers to the handling of micro sized cell based
quantities of fluid [2,3]. More specifically the connotation of DMF has come to
refer to the handling of these droplets on an array of electrically actuated
electrodes [3]. The electrodes are laid out in an array or matrix and are activated
to move, split, or merge the droplet(s) of interest; this layout and some of its
functions can be seen in Figure 2 below.

(a)

(b)

Figure 2: DMF setup - 2 (a) splitting droplets and 2 (b) merging droplets [4]

3

1.4. Electrokinetics
1.4.1. Electrowetting
Several different forces contribute to the total force being applied to the
droplet. One phenomenon that contributes to the force resulting in locomotion is
electrowetting. Electrowetting is the additional wetting of a particular surface as a
result of an applied voltage. This phenomenon is typically utilized near the
interface between an electrolyte and a hydrophobic surface. The result of
electrowetting can be seen below, in Figure 3, in addition to the initial contact
angle and interfacial tension.

(a)

(b)

Figure 3: (a) electrowetting result and (b) initial contact angle [5]
Figure 3 (a) illustrates the applied voltage and the change in both shape and
contact angle from the original elliptical droplet shape, depicted as a solid line, to
a highly flattened and low contact angle result, depicted as a dashed line. The
typical setup to accomplish electrowetting of a hydrophobic surface can be seen
below, in Figure 4.

4

(a)

(b)

Figure 4: (a) top view and (b) cross sectional view of a general electrowetting
device [6]
Figure 4 (a) shows the top view of a typical DMF system where the droplet sits
on top of the first electrode with the goal of moving to the right to the next
electrode. Figure 4 (b) illustrates the cross sectional view including the layers
used in a microfluidic device; where the all black rectangles represent a
hydrophobic layer, the all white being a dielectric material, and the grey
electrodes sandwiching around the outsides.
The contact angle changes and the surface is electro-wet due to an
attraction from the accumulation of opposing charges at the interface between
the dielectric and the electrolyte [7]. The initial charge distribution and attraction,
which creates the initial contact angle, between the underlying dielectric and the
electrolyte can be seen in Figure 5 (a), below [8].

5

(a)

(b)

Figure 5: Charge accumulation, interactions and its implications [7]
The charge distribution in Figure 5 (a) is sparse and therefore the interaction is
weak; allowing the electrolyte to separate from the hydrophobic surface [8].
However, once the voltage is applied, as seen in Figure 5 (b), electric field lines
propagate through the dielectric and an accumulation of charge, in the form of
diploes, is established in the substrate. Figure 5 illustrates the substrate as
merely the electrode when in reality the electrode would be separated from the
electrolyte by both a hydrophobic coating and the dielectric material as seen in
Figure 4. The charge accumulation existing in the dielectric is established as
positive as a result of the direction of the electric field and material properties that
are innate to dielectrics [9]. Specifically, these innate properties of dielectrics
materials are that they are insulative and polarizable [9]. The electric field
propagating through the dielectric will create dipoles within the material. Due to
the direction of propagation and therefore normal exiting direction the dielectric is
left with dipoles with upright positive oriented polarization [9]. This can be seen,
in Figure 6, below where the field is moving from left to right and the dipoles react
in a similar fashion described previously.

6

6 (a)

6 (b)

Figure 6: Orientation of dipoles resulting from electric field. Polar molecules in
dielectric without electric field (a). Polar molecules in the dielectric with the
application of an electric field (b) [10]
Accumulation of charge in the dielectric has been established, which in
turn, locally polarizes the electrolyte by attracting the already existing dipoles in
the electrolyte. This attractive force is a particular type of Van Der Waals force
called the Keesom interaction. This interaction between these two oppositely
charged regions results in an attractive force that drives the spreading of the
electrolyte across the hydrophobic surface, reducing the contact angle, as seen
in Figure 5 (b) [7]. The reduction of contact angle as a result of an applied
voltage is described by Equation 1, the Young-Lippmann Equation, listed below.
𝑐𝑜𝑠(𝜃) = 𝑐𝑜𝑠(𝜃𝑜 ) +

𝑐
𝑉2
2𝛾𝑙𝑔

In Equation 1, 𝑐𝑜𝑠(𝜃), is the resulting contact angle; while 𝑐𝑜𝑠(𝜃𝑜 ) is the initial
contact angle. The surface tension between the liquid and gas interface is
7

(1)

represented by 𝛾𝑙𝑔 . Surface tension is a force per unit length that exists along the
surface of immiscible phases [11]. Furthermore, 𝑐, is the local capacitance of the
electrolyte and 𝑉 is the local applied potential.
There are several consequences of the change in contact angle and if
utilized properly, these consequences can result in locomotion. Electrowetting
induced locomotion is a result of a pressure gradient formed around the front and
back portion of the droplet, with respect to the direction of desired locomotion.
The pressure gradient and its corresponding droplet contact angle can be seen
below, in Figure 7.

Figure 7: Pressure differential induced by contact angle change [7]
One critical observation about Figure 7 is the location of the droplet with respect
to the ON and OFF electrodes, drawn in grey. Half of the droplet is located above
the ON electrode and half is located above the OFF electrode. This allows for a
discrepancy in the contact angle of the droplet by inducing electrowetting on half
of the droplet. A difference in contact angle results in a difference in radius of
curvature, of each respective side of the droplet, which in turn, creates a
pressure differential [12]. The electro-wet side (above the ON electrode), with a
larger radius of curvature, will have a lower internal pressure; the opposite side
will have smaller radius of curvature and therefore higher pressure. The result
8

will be a pressure driven flow stemming from the surface and propagating
through the bulk, from the high pressure region to the low pressure region
[12,13]. This progression is summarized in Figure 7 where POFF is the resulting
high pressure region, PON is the resulting low pressure region, and the yellow
arrow represents the resulting direction of motion. This change in internal
pressure, as a function of radius of curvature, is described by Laplace’s pressure
equation, Equation 2 below.
∆𝑃 = 𝛾(

1
1
+ )
𝑅1 𝑅2

(2)

Again, 𝛾, is the interfacial tension between the immiscible phases. The radius of
curvature of the droplet is represented by 𝑅1 and 𝑅2 ; as the radius of curvature
increases, the difference in pressure will decrease. The electrowet induced
radius of curvature discrepancy results in a pressure differential described below,
in Equation 3, by the Young-Laplace Equation.
∆𝑃 = 𝜎((

𝑐𝑜𝑠(𝜃)𝑂𝑁 − 𝑐𝑜𝑠(𝜃)𝑂𝐹𝐹
) + 𝐾𝑂𝐹𝐹 − 𝐾𝑂𝑁 )
𝐻

(3)

In the Young-Laplace equation, H, 𝜎 and 𝐾 represent the channel height
between the hydrophobic surfaces, the coefficient of surface tension and the total
radius of curvature (for portion of droplet above either the ON or OFF electrode),
respectively. Below, in Figure 8, a visual of the complete electrowet driven
locomotion can be seen. Note that the droplet recovers to its original shape, as
seen in Figure 8 (c), after one electrowetting progression has complete; being
rectified by the minimization of surface energies in the system [8]. This allows for
another potential to be applied and the droplet to be moved once again.
9

Figure 8: Complete visual of electrowetting locomotion [14]
This form of locomotion is capable of existing due to the presence of
surface tension. Surface tension allows for an interface to exist between
immiscible fluids and defines the contact angles at said interface [8]. As a result
of the process of contact angle change and radius of curvature discrepancy
(within the droplet), a pressure gradient exists and flow occurs. This type of flow
has been deemed surface tension driven flow due to surface tension’s critical
role in the formation of the initial contact angle, stabilization of the interface, and
recovery back to the initial contact angle, once electrode actuation has ceased.
Surface tension driven flow is different from flows driven by surface tension
gradients.
Flows driven by surface tension gradients typically occur in systems with a
solution of multiple fluids or where a species like an amphiphilic surfactant exist
[8]. For example, consider a system with hydrophobic and hydrophilic
constituents (like water and oil forming an interface) and uneven spatially
distributed amphiphilic surfactants at the interface. The uneven spatially
distributed amphiphiles at the interface will result in a discrepancy in surface
tension. This occurs because the surfactants lower the surface tension locally;
10

this correlation between amphiphiles and surface tension can be seen in Figure
9, below [15].

Figure 9: Decreasing surface tension of water with addition of amphiphilic
surfactants [15]
The amphiphiles will spread as a result of the surface tension gradient and
migrate from an area of low surface tension to an area of high surface tension;
alleviating the high surface tension area and lowering the overall energy of the
system [8]. Induced flow will in turn occur as a result of the migration of the
surfactants and changing surface tensions [8]. Similarly, in a solution of alcohol
and water, the alcohol could evaporate locally, due to its lower vapor pressure,
and induce a surface tension gradient; once again resulting in flow [16]. This
phenomenon was classically studied on the tears formed by wine on glass and is
referred to as the Marangoni Effect [16]. Surface tension gradient driven flow and
the Marangoni Effect is not to be confused with surface tension driven flow.

11

1.4.2. Electric Field Gradient Driven Flow
The second force drives fluid flow by electric field gradients. Let it be
known that this force was estimated and analyzed for trends but was not applied
to the droplet to contribute to movement. This is an electrostatic surface force
resulting from the gradient of an electric field across an interface due to a nonuniform electric field [17]. The electric field gradient results from a difference in
permittivity, and therefore polarizability, of the two materials of interest forming
the interface [17]. Permittivity describes a materials ability to store electric
charge, from an electric field, in the form of dipoles. Permittivity is a consequence
of polarizability which is a material’s ability to form transient dipoles. The two are
entangled and described by relative permittivity; a coefficient which scales a
material’s permittivity with respect to the permittivity of free space. Below, are the
equations unifying permittivity, polarizability, and an applied electric field.
𝑷 = 𝜀𝑜 𝜒𝑬

(4)

𝜒 = 𝜀𝑟 − 1

(5)

In Equation 4, 𝑷, is the polarizability and is a function of the electric field intensity,
𝑬. Additionally, 𝜀𝑜 is the permittivity of free space and 𝜒 is the susceptibility;
described in Equation 5 as a function of 𝜀𝑟 , which is the relative permittivity of the
material. Susceptibility describes the likelihood of a material to have induced
dipoles as a result of the presence of an electric field; it is a modified form of
relative permittivity and is a constant of proportionality that scales the ease of
dipole formation in a material.

12

The electric field gradient is only formed at the interface, therefore, the
force will only manifest at the interface, for each differential element considered.
Every differential element of the interface will be considered and a body force will
result. A volume force could also substitute for a body force due to lack of a
known centroid. Below in Figure 10, is an illustration of a non-uniform field
creating a dielectrophoretic (DEP) force on a particle.

Figure 10: Force resulting from electric field gradient due to non-uniform electric
field [18]
Notice the plus signs on the right side of the particle. These plus signs represent
dipole moments from the passing non-uniform electric field. On the other side of
the interface of the particle, in an area of different permittivity, exists dipole
moments of different intensity [9,17,18]. These varying levels of permittivity also
indicated various levels of electric field intensities. This gradient in electric field
intensity will induce a dielectric force via the bound surface charges at the
interface. The DEP force is one of an infinite number of electrostatic forces found

13

in the Taylor Expansion of the electric Korteweg–Helmholtz force [19]. The
electric Korteweg–Helmholtz force can be seen in discrete format below, in
Equation 6, where the force terms resulting from exponentially weaker charge
forms, like quadrupoles, have been neglected [19].
1
1
𝑑𝜀1
𝑭 = 𝜌𝑒 𝑬 − 𝑬2 ∇𝜀1 + ∇(𝑬2
𝜌)
2
2
𝑑𝜌

(6)

The first term to the right of the of the equals sign is the Coulomb force resulting
from free charge while the remaining terms describe the DEP force [19]. These
forces as well as the forces truncated from the electric Korteweg–Helmholtz force
equation are integrated in the Maxwell Stress Tensor (MST) which can be
manipulated to calculate various forms of forces of interest. Systems like the
particle system shown in Figure 10 above often do not have free charge.
Considering the lack of free charge and the weak contribution from the forces
stemming from charged forms like quadrupoles, the manipulation of the stress
tensor will, in this case, result in an answer almost completely driven by forces
stemming from bound surface charges; a dielectrophoretic force.
The electrostatic force described above is calculated by taking the
divergence of the Maxwell Stress Tensor; a tensor that links electromagnetic
forces and momentum. This formulation results in a volume force and can be
seen below, in Equation 7, where 𝑻𝑖𝑗 is the tensor and 𝑭 is the resulting
volumetric force [14,3].
𝑭 = ∇ ∙ 𝑻𝑖𝑗
The makeup of the electrical components of the MST can be seen below, in
Equation 8 [14,3].
14

(7)

1
𝑻𝑖𝑗 = 𝑬𝑫𝑇 − ( )(𝑬 ∙ 𝑫𝑰)
2

(8)

In Equation 8, I is the identity matrix, E is the electric field intensity and D is the
electric flux density. The magnetic components of the MST were neglected
because a permeability gradient and force would not result due to the almost
identical permeability values of water and air. The relative permeability values of
water and air are 1.256627E-6 and 1.256665E-6, respectively [20]. The electric
flux density is described by Equation 9 below with scalars, 𝜀𝑜 and 𝜀𝑟 , which
represent the permittivity of free space and relative permittivity, respectively.
𝑫 = 𝜀𝑜 𝜀𝑟 𝑬

(9)

In the two dimensional scenario the MST obtains the two by two matrix form seen
below in Equation 10.
𝑻𝑖𝑗 = [

𝑇𝑥𝑥
𝑇𝑦𝑥

𝑇𝑥𝑦
]
𝑇𝑦𝑦

(10)

The two dimensional tensor seen above with filled in components transitions to
the more explicit form seen in Equation 11.
𝜀𝑜 𝜀𝑟 𝐸𝑥2 − 0.5𝜀𝑜 𝜀𝑟 (𝐸𝑥2 + 𝐸𝑦2 )
𝜀𝑜 𝜀𝑟 𝐸𝑥 𝐸𝑦
]
𝑻𝑖𝑗 = [
2
𝜀𝑜 𝜀𝑟 𝐸𝑥 𝐸𝑦
𝜀𝑜 𝜀𝑟 𝐸𝑦 − 0.5𝜀𝑜 𝜀𝑟 (𝐸𝑥2 + 𝐸𝑦2 )

(11)

Performing the Jacobian on the MST, on the matrix seen in Equation 10 for
simplicity, the body force is obtained, as seen below in Equation 12.
𝜕𝑇𝑥𝑥
𝜕𝑥
𝑭=
𝜕𝑇𝑦𝑥
[ 𝜕𝑥
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𝜕𝑇𝑥𝑦
𝜕𝑦
𝜕𝑇𝑦𝑦
𝜕𝑦 ]

(12)

This volumetric force refers to the force resulting from the gradient of electric field
around a specific particle.
Similarly, a body force can be calculated using the MST. The surface area
of interest has a gradient of electric field, stemming from the differences in
permittivity across the interface; therefore, the MST can be integrated along the
contour that outlines the interface. Formulation of this summation of surface
forces on the respective particle interface can be seen below, in Equation 13.
𝑭 = ∫ 𝑑𝒏 ∙ 𝑇 ∙ 𝜕𝑆

(13)

𝜕𝛺

In Equation 12, the resulting body force, 𝑭, is constructed by the integral over all
the differential elements of contour omega, 𝜕𝛺, while operating on 𝑑𝒏, 𝑇, and 𝜕𝑆
which represent then normal differential elements, the MST, and the differential
components of the surface, respectively [21,22].
1.5. Surface Physics
1.5.1 Contact Angle
Wetting phenomena is used to describe the contact angle for a system
containing an interaction between a solid, liquid, and gas. The contact angle of a
droplet is measured from the horizontal solid surface; the angle measurement
starts inside the liquid droplet and increases until the outside of the droplet is
reached, as seen below in Figure 11.
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Figure 11: Young’s contact angle [23]
The static or control measurement of contact angle results in the Young’s contact
angle; this is an idealized form of the contact angle. The idealized contact angle
is described below by Young’s Equation, Equation 14.
𝛾𝐿 𝑐𝑜𝑠 𝜃 = 𝛾𝑆 − 𝛾𝑆𝐿

(14)

The equation, with regards to contact angle, is entirely a function of surface
tension where 𝛾𝐿 , 𝛾𝑆 , and 𝛾𝑆𝐿 represent the liquid-vapor, solid-vapor, and solidliquid surface tensions, respectively.
The value of the contact angle is determined by the interaction between
each phase and the other two phases it interfaces with. Depending on the solid
material and fluids being analyzed in the system, the three different surface
tensions, described previously in Equation 14, will take on different values and
therefore result in a specific contact angle. If the solid-vapor surface tension is
energetically less favorable than the solid-liquid surface tension, the solid-vapor
surface tension would result in a greater surface energy. The solid-vapor surface
energy would have greater energy per unit area and the result would be the righthand side of Equation 14 resulting as a positive value [24]. If the right-hand side
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of Equation 14 is positive, then the resulting contact angle is less than 90⁰. A
contact angle of less than 90⁰ results in a system that is considered wetting [24].
Furthermore, if the solid-liquid surface tension is greater than the solid-vapor
surface tension, the right-hand side of Equation 14 results in a negative value
and the contact angle is greater than 90⁰. A contact angle of greater than 90⁰
describes a non-wetting system.
1.5.2. Contact Angle Hysteresis
Contact angle hysteresis describes the discrepancy between the contact
angle of the advancing and receding sides of a moving droplet. The advancing
contact angle can be described by the contact angle when a droplet’s volume is
increasing, while the receding contact angle relates to the angle formed while the
droplets volume is shrinking. As a droplet grows in size, or if the leading side of a
sliding droplet is analyzed, the contact angle will have changed with regards to
the static contact angle [24]. This contact angle is referred to as the advancing
contact angle. The sliding of a droplet and it’s corresponding advancing contact
angle can be seen below, in Figure 12.
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Figure 12: Contact angle hysteresis – sliding [25]
As seen in Figure 12, above, the receding contact angle is that of the trailing
edge of the droplet. The advancing contact angle is usually larger than the
receding contact angle and the two typically differ in value by about 5-20⁰ [24].
Contact angle hysteresis delivers information about the degree to which the wet
line is pinned and the history of the system [24]. The mechanisms responsible for
hysteresis are poorly understood but are believed to be caused by surface
roughness and heterogeneity; such heterogeneities being both physical and
chemical [24,26]. Heterogeneity can induce contact angle hysteresis even on a
quiescent droplet and the hysteresis can therefore be amplified from the addition
of movement or change in volume, under the proper circumstances [26]. Some
argue that heterogeneities are the only source of hysteresis and that weak
heterogeneities do not induce hysteresis [27]. Roughness of a surface could play
a role in hysteresis because it affects contact angle locally and potentially
unequally with respect to advancing or receding states [26]. Surface roughness
will increase the contact angle of a wetting interaction and decrease the contact
angle of a non-wetting interaction [24]. This phenomenon is described by the
relationship below, in Equation 15.
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𝑐𝑜𝑠 𝜃𝑂𝐵𝑆 = 𝑅𝑟𝑜𝑢𝑔ℎ 𝑐𝑜𝑠 𝜃

(15)

𝑐𝑜𝑠 𝜃𝑂𝐵𝑆 represents the new found contact angle upon exposure to a rough
surface which is scaled by the coefficient 𝑅𝑟𝑜𝑢𝑔ℎ ; 𝑐𝑜𝑠 𝜃 is the original contact
angle, prior to exposure to the rough surface.
1.5.3. Slip
Contact angle hysteresis grants insight into how droplets locomotion takes
place, especially visually. The hysteresis explains how and why the angle
discrepancies appear the way they do, as seen in Figure 12. As the droplet
moves the motion can be described by two forms of transportation. One being
the slip of the droplet along the surface and the other being a motion which is
often compared to that of a tank tread [28]. Droplet physics is performed and
analyzed on hydrophobic surfaces which entitles the droplet to slip more due to
the unfavorable interaction between the aqueous droplet and hydrophobic
surface. No slip is an idealized paradigm; slip is actually more prevalent and
mathematically more realistic than no slip [29]. Slip is typically neglected due to
its negligible contributions at the larger scales but at such a small scale, and
considering the unfavorable fluid-solid interactions, slip is realistic and important
[29,28,24]. Slip and slip length vary according to several properties specific to the
interaction in the system of interest and include parameters like surface tension,
liquid evaporation, porosity, osmotic transport, Van Der Waals forces, and
electrostatic forces [29]. Slip length, 𝐿𝑆 , is defined by the length, orthogonal to the
direction of velocity, beyond the interface, on the system-particle velocity triangle
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where no slip would occur [29]. Slip length, the velocity triangle and the
description described previously are summarized in the visual below, Figure 13.

(a)

(b)

Figure 13: Slip length and the different types of slip [29]
Additionally, systems with no slip, partial slip, and perfect slip are shown in
Figure 13 (b). The partial slip system is highly realistic [29]. This is especially true
in scenarios where a high shear rate is applied and the slip length can then be
described by the equation below [29].

𝐿𝑆 = 𝐿0𝑆 (1 −

𝛾𝑝𝑟𝑖𝑚𝑒 −1
)2
𝛾𝑝𝑟𝑖𝑚𝑒,𝑐

(16)

In Equation 16, 𝐿𝑆 , 𝛾𝑝𝑟𝑖𝑚𝑒 , 𝛾𝑝𝑟𝑖𝑚𝑒,𝑐 , 𝐿0𝑆 represent the slip length, shear rate, critical
shear rate (where the linear relationship between rate of deformation and length
of slip collapses), and the constant slip length for sub critical valued shear rates,
respectively [29].
The second form of droplet transportation, as hysteresis occurs, is the
“tank tread-like” movement where the leading water molecule (the liquid molecule
near the triple point on the advancing side) becomes the second most forward
molecule and is replaced, with regards to lead position, by another water
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molecule from the bulk [28]. Neither form of transportation perfectly describes the
movement of a droplet correctly but both are correct in describing how the droplet
moves; the correct description of how the droplet moves is a combination of the
two phenomena [28].
1.6. Fluid Dynamics
1.6.1. Dimensionless Numbers
Throughout the study of fluid mechanics, as it pertains to microfluidics, there are
several different forces that appear that change the way fluids behave. At the
various sizes and intensities of flows different forces play more or less integral
roles [29,30]. At smaller scales, in the micron sized regime, volumetric forces
subdue to surface forces [29]. In other words, the inertial forces become less
important than the viscous, electrodynamic, and surface forces [29]. In order to
determine the turning point where the small size scale beings to induce a change
in the dominant forces, one can look at several relevant dimensionless numbers.
The Reynolds Number illustrates the competition between inertial and viscous
forces. A Reynolds Number of about 10 or under indicates that the viscous forces
are playing a much more significant role than the inertial forces [29]. Some other
dimensionless numbers that indicate which forces are playing a more important
role in the system are the Capillary Number, Galilei Number, and Bond Number.
The Capillary number shows the relationship between viscous forces and surface
tension. The Bond Number and Galilei number are similar and illustrate the
competition of gravity versus surface tension and external forces versus viscous
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forces, respectively [31,32]. A summary of these dimensionless numbers and
their respective force relationships can be found below.
Table 1: Summary of dimensionless numbers [29,31,32,33]
Dimensionless

Symbol

Number

Physical Interpretation

Formula

(Forces)

Reynolds

Re

Inertial/Viscous

Capillary

Ca

Viscous/Surface Tension

Galilei

Ga

External/Surface Tension

Bond

Bo

Gravity/Surface Tension

𝑅𝑒 =

𝜌𝑣𝐿
𝜇

𝐶𝑎 =

𝜇𝑣
𝛾

𝜌2 𝑔𝐿3
𝐺𝑎 =
𝜇2
𝐵𝑜 =

𝜌𝑔𝐿2
𝛾

Some of the more common parameters like 𝜌, 𝑣, 𝜇, and 𝑔 represent the density,
velocity, dynamic viscosity, and acceleration due to gravity, respectively. The
other parameters 𝐿 and 𝛾 represent some characteristic length of the system and
the surface tension of interest, respectively.
1.6.2. Laminar Flow and Proper Equations for Modeling
The laminar flow of the system is governed by a set of equations that
describe the fluid dynamics for the system under a variety of different
perspectives. The different perspectives consider the system from the frequency
domain perspective, a time dependent perspective, and the perspective of
consistent phase initialization throughout. Phase initialization is where the
simulation computes the distance to the fluid-fluid interface (from some datum)
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before the flow calculations proceed [34]. The first flow equation considered is
the Continuity Equation, Equation 17.
𝜌(∇ ∙ 𝒖) = 0

(17)

Building off the conservation of mass the simulation uses a form of the Navier
Stokes Equation. For each of the various perspectives, the pertinent form of the
Navier Stokes Equation is utilized. For the time dependent perspective, a
complete form of the Navier Stokes Equation is considered, seen below as
Equation 18.

𝜌

𝜕𝒖
+ 𝜌(𝒖 ∙ ∇)𝐮 = ∇ ∙ [−p𝐈 + μ(∇𝐮 + (∇𝐮))𝑇 ] + 𝑭 + 𝜌𝒈
𝜕𝑡

(18)

The velocity vector is represented by, 𝒖, in the equation above and the identity
matrix by 𝐈 [21]. Other common symbols like p, 𝜌, μ, 𝑭, and 𝒈 represent the
pressure, density, dynamic viscosity, the sum of extra necessary body forces,
and the acceleration due to gravity, respectively. Both the frequency domain and
the phase initialization lenses do not include the local acceleration portion of the
complete material derivative and have an equation of the form,
𝜌(𝒖 ∙ 𝛻 )𝒖 = 𝛻 ∙ [−𝑝𝑰 + 𝜇 (𝛻𝒖 + (𝛻𝒖))𝑇 ] + 𝑭 + 𝜌𝒈

(19)

1.7. Interfacial Tracking Methods
1.7.1. Level Set Method (LSM)
Several mathematical methods and physics are used to model electrically
actuated motion of a droplet. The interface and its topological changes require
some form of the level set function. The level set function is used for tracking
phenomena like flexible membranes, multiphase flows and fluid structure
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interfaces [21]. In addition to tracking multiple types of interfaces, the LSM is
useful for tracking moving interfaces [21]. Level set indicates the use of a level
set function that will be used to describe the relationship at the interface of
immiscible phases. This level set function will describe a contour on the surface
of one of the interfaces. The iso-contour will depict the shape of the interface in a
plane (say x-y) and will be a function of a third dimension, orthogonal to the plane
(say z) [35]. The level set function is described in a manner so as the zcoordinate is increased (spanning from zero in the x-y plane, to the top of the
phase of interest) the contour will adjust accordingly to properly describe the
phase of interest in three dimensions [35]. The level set function stitches together
the two interfaces by assigning areas of interest different values based on the
phase. Each interface will have its own level set function and own values
assigned to both phases and the interface between them. The method goes
about assigning the proper sign by using a signed distance function [36]. The
signed distance function maintains how far the contoured interface is from some
arbitrary starting point inside the contour, therefore maintaining awareness if the
point is inside or outside the interface. A datum is set as the location of origin of
the signed distance function; the origin begins inside the contour [37]. The sign of
the signed distance function is granted based on location of the datum with
respect to the contour; if the datum lies within the contour a negative sign is
granted [37]. If the datum leaves the contour, then a positive sign is granted [37].
The level set function, 𝜑, is described mathematically by the set of solutions
below, in Equation 20; the interfacial contour is, Ω.
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+𝑑 (𝑥, 𝑡) 𝑥 ∉ Ω
𝜑 = { 0 𝑥 ∈ 𝜕Ω
−𝑑 (𝑥, 𝑡) 𝑥 ∈ Ω

(20)

The first phase will receive a level set value of one while the other phase
will receive a level set value of negative one; therefore mathematically
differentiating the two phases [37]. Furthermore, the interface between these two
phases will be assigned a value of 0; therefore adopting some properties of each
phase. A picture of this level set value assignment and layout can be seen below
in Figure 14.

Figure 14: Contour layout and definitions of signs [37]
The level set function is defined with the boundary conditions described
previously and transitions from one boundary condition to the other, at the
interface, using a smooth step function. A smooth step function graph is found
below, in Figure 15, to illustrate the smooth change of domains.
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Figure 15: Heaviside step function used to define level set function transition at
the interface [38]
The definition of the domain and the smooth transition between the two
immiscible phases is key in modeling the properties of the finite sized interfaces.
In the real world the interface really has no thickness and is simply the point
where the immiscible molecules meet. However, in numerical modeling the
interface must have some finite thickness. Over this interfacial thickness,
properties of both phases are considered. For example the density, 𝜌, of the
interface between two phases is modeled as seen in Equation 21.
𝜌 = 𝜌1 + 𝜑(𝜌1 − 𝜌2 )

(21)

Equation 21 utilizes the densities of the two separated phases denoted 𝜌1 and 𝜌2
as well as the level set function described previously. The use of the densities of
both phases and the level set function ensures that properties of each phase are
included in the interface appropriately. More importantly, the ratios of the
densities in the interface change as the thickness of the interface is spanned; as
27

expected the ratio favors the density of the phase it is closest to [39]. These
ratios change smoothly over the interfacial thickness due to the scaling of the
level set function and the function’s built in heaviside step function that is
fundamental to its utility [40]. The concept of a smooth change in the ratios of
densities utilized, of the immiscible phases, throughout the interface, as seen in
Equation 22, can be expanded as used for other properties. Because the level
set method is commonly coupled with two-phase flow, COMSOL has the default
setting of using this smooth parameter scaling with dynamic viscosity; the
description of dynamic viscosity, 𝜇, in the interface can be seen below, in
Equation 22.
𝜇 = 𝜇1 + 𝜑(𝜇1 − 𝜇2 )

(22)

Modeling a moving interface requires additional manipulation of the level
set function; especially because a fixed mesh is being used. Due to the fixed
mesh, morphing interface, and existence of a few different types of phases, the
Lagrangian reference frame must be used with regards to the interface. The
Lagrangian reference frame must be used, as opposed to the standard Eulerian
reference frame, because of interest in the movement of a particular set of
particles in a specific phase; as opposed to a position. The motion of the
interface utilizing the Lagrangian concept implies the material derivative [41,42].
COMSOL Multiphysics uses the following material derivative, seen in Equation
23, applied to the level set function to describe the advection of the iso-contour
[21].
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𝜕𝜑
∇𝜑
+ 𝒖 ∙ ∇𝜑 = 𝛾∇ ∙ (𝜀∇𝜑 − 𝜑(1 − 𝜑)
𝜕𝑡
|∇𝜑|

(23)

Equation 23 above shows the Lagrangian material derivative, applied on the level
set function, on the left-hand side of the equation and the Eulerian equivalent on
the right-hand side of the equation [41,42]. The material derivative stitches the
two reference frames together [41,42]. Furthermore, the left-hand side produces
the proper motion of the interface while its Eulerian equivalent ensures numerical
stability as the interface propagates [21]. The right-hand side of Equation 23 has
the parameters 𝒖 and 𝜀, which are the velocity vector and the thickness of the
interface, respectively. The interfacial thickness is described by the smooth step
function depicted earlier in Figure whatever. The interface thickness coefficient
scales the gradient of the level set function; properly adjusting this velocity.
Typically, this thickness is equal to half the largest mesh sized utilized [21].
Furthermore, 𝛾, seen in Equation 23 is the reinitialization scalar and is a
coefficient that determines the amount of reinitialization, of the level set function,
done while the modeling occurs. Reinitialization is the amount of times, or the
times discretions, the simulations reconsiders the location of the interface. This is
important for both numerical stability as well as maintaining the appropriate
thickness of the interface [21]. The appropriate value for the reinitialization scalar
is equal to the maximum velocity of the field [21]. This is appropriate because the
interface will be reexamined at time discretions similar to the rate of change of
the interfaces position. The gradient of the level set function over the absolute
value of the gradient of the level set function is defined as the unit vector normal
to the interface; defined explicitly in Equation 24, below [21,37].
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𝒏=

∇𝜑
|∇𝜑|

(24)

The mean curvature of the interface, 𝜅 , can be calculated by taking the
divergence of the unit normal interface and is found to be,
𝜅 = ∇⋅𝒏 = ∇⋅

∇𝜑
|∇𝜑|

(25)

as seen in Equation 25 above.
Often times there will be no loss of the fluid through surfaces and the fluid
can be assumed to be incompressible (water); therefore conservation of mass
holds and the system is divergence free. This can be described by Equation 26
below.
∇∙𝒖= 0

(26)

With these applied assumptions and features of the model, and the use of
Equation 23 and Equation 26 in conjunction, equation whatever can be modified
to the following equation seen below, in Equation 27.
𝜕𝜑
∇𝜑
+ ∇ ∙ (𝒖𝜑) = 𝛾∇ ∙ (𝜀∇𝜑 − 𝜑(1 − 𝜑)
𝜕𝑡
|∇𝜑|

(27)

1.7.2. Phase Field Method (PFM)
The phase field method (PFM) is extremely similar to the LSM with an
additional equation and a couple minute differences [36]. The similarities include
the use of the material derivative/structure of the main governing equation, the
use of the heaviside function, and the implications of the heaviside function. The
implications of the heaviside step function being the utilization of the function’s
ability to create the smooth transition of parameters across the interface. The first
main difference is the fact that the PFM doesn’t utilize the signed distance
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function. Instead the PFM uses a hyperbolic tangent function operating on n, the
coordinate normal to the interface, and the parameter W, which controls the
width of the hyperbolic tangent function [36,37]. This formulation can be seen
below, in Equation 28; however, 𝜑 is now being defined as the phase field
function as opposed to the level set function [36,37].
𝑛

(28)

𝜑 = −tanh (√(2𝑊))
The PFM uses a similar advection equation as the one utilized by the LSM,
however, there are a few new contributing variables. The PFM advection
equation can be seen below, in Equation 29.
𝜕𝜑
𝛾𝜆
+ 𝒖 ∙ ∇𝜑 = ∇ ∙ 2 ∇𝜓
𝜕𝑡
𝜀𝑝𝑓

(29)

The new contributing variables of Equation 29 are the mobility, the mixing energy
density, and the phase field help variable which are represented by 𝛾, 𝜆, and 𝜓,
respectively. The mobility is a scalar, with units

𝑚3 𝑠
𝑘𝑔

, and helps control the

relaxation time for which the system reinitializes [40]. The mobility can be seen in
Equation 30. Equation 30 also contains, 𝜀𝑝𝑓 , which, much like the epsilon
variable seen in the LSM formulation, is a parameter controlling interface
thickness and contributes to numerical stability.
2
𝛾 = χ 𝜀𝑝𝑓

(30)

The mobility tuning parameter, χ, seen above in Equation 30, is a variable used
to provide numerical stability and is recommend to be assigned a magnitude of 1.
The mobility tuning parameter’s formulation can be seen below, in Equation 31
[43].
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χ=

2𝒖𝑚𝑎𝑥 ℎ𝑚𝑎𝑥
3𝜎√2

(31)

𝜀

The mixing energy density helps scale the interface thickness with consideration
to the surface tension of the interface being modeled [44]. The mixing energy
density’s relationship with the surface tension coefficient is below, in Equation 32.
𝜆=

3𝜀𝑝𝑓 𝜎

(32)

√8

In general, the phase field method is attempting to minimize the energy of the
system [44]. Minimization of energy can be further seen in the PFM because the
recommended value of the parameter, phi derivative of external free energy,

𝜕𝑓
𝜕𝜑

,

is proposed to be set to zero [40]. Furthermore, the phase field help variable
formulation can be seen below in Equation 33.
2
𝜓 = −∇ ∙ 𝜀𝑝𝑓
∇𝜑 + (𝜑2 − 1)𝜑 +
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2
𝜀𝑝𝑓
𝜕𝑓
𝜆 𝜕𝜑

(33)

Chapter 2 – Background
2.1. Digital Microfluidics
2.1.1. Update and Discussion
As mentioned previously, DMF refers to the handling of pico-micro radii
sized droplets typically on an electrically actuated array of electrodes [2,3]. Having
reagents packaged in self containing droplets can be advantageous for several
reasons due to reduction of reagent use and analysis time; both of which result in
the reduction of cost [45]. Furthermore, droplet locomotion can be automated due
to the use of electrically actuating electrodes. One of the primary uses of DMF is
for assays and all of the previous advantages stated above illustrate DMF’s clear
potential for success in the field of biochemistry as well as its potential in other
fields like heating and cooling of mechanical systems [46,7]. In the biochemistry
sector, these self-containing vessels have shown, on several occasions, to exhibit
increased sensitivity [45]. One example is the use of DMF to perform a cytotoxic
assay utilizing Jurkat T-cells. The cytotoxic assay showed a 20-fold increase in
sensitivity over its standard well plate assay counterpart [45]. Droplet based DMF
continues to show improvement and is especially promising when considering,
retrospectively, the systems in place prior to droplet based technologies.
Previously, technologies like etched microchannels attached to mechanical pumps
were utilized with downfalls like cost, lack of versatility, and over complexity that
led to mechanical failures (like clogging) that are foreign to DMF [46].
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2.1.2. Comparison of Open Surface and Parallel Plate Setups
Throughout digital microfluidics simulations there appears to be two main
types of microarray based electrically actuated droplet devices. The first being a
system where the droplet is enclosed by a cover and somewhat compressed. A
picture of this can be seen below, in Figure 16.

Figure 16: Enclosed DMF system [47]
This parallel plate setup is often used in conjunction with oil as a medium for the
droplet. The oil medium is in place for several reasons including reducing contact
angle hysteresis and therefore the necessary applied voltage, prevention of
droplet evaporation (often seen in systems with large applied voltage without an
oil medium), and the prevention of the attachment of debris and unwanted
biomolecules [48,49,50,51].
The parallel plate setup, in addition to the oil medium, could be
unnecessary and unwanted due to the top plate in Figure 16 inhibiting the
functionality and versatility of the device. In the scenario of using the system as
an assay, the top may need to be easily accessible/removable and the oil could
inhibit the assay completely. This inhibition of the assay could be driven by the
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addition of the hydrophobic substance to a system driven by adherent
intermolecular forces [52]. This clearly exposes the second most common form of
electrically actuated DMF, the open surface setup, where there is no top plate or
medium included in the device; leading to a setup that looks like the one below in
Figure 17.

Figure 17: DMF setup – open surface [53]
These subcategories of microfluidic devices are similar and therefore their
simulations and experimental construction include extremely similar methods.
Some of the differences between the modeling of each of the respective setups
are driven by the existence of the top surface, in the parallel plate model. These
differences include the consideration of an additional interfacial interaction
between the fluid and the top wall. Both models included the same governing
physics with the use of electrostatics to apply a potential and therefore apply an
electric field [54]. Furthermore, these models include two or three phase flows
(depending on the use of oil in the system) and the use of the level set or PFMs.
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The physics used are consistent throughout but the use of the LSM and PFMs
vary from model to model.
2.2. Comparing Contemporary Methods and Parameters
2.2.1. Level Set and Phase Field Methods
Both the LSM and PFM are used to characterize phenomena at the
interface of two phases. More specifically, the LSM and PFM accel at handling
interfacial geometry changes and tracking these changes as a result of the
applied physics [55]. The LSM and PFM each have their respective advantages
and considerations. The LSM accels in ease of use having a less complex set of
governing equations; the PFM utilizes vectoral equations that set out to minimize
the chemical potential of the system [37,36]. The phase field however has
illustrated a greater ability to track the interface with finer detail [7]. A comparison
study done by Nahar, et al., (2015) between the two methods revealed the PFM’s
ability to track the interface with finer detail and more accurate; pictures of the
study can be found below in Figure 18, starting with analysis of the PFM [7].

(a)

(b)

(c)

Figure 18: COMSOL model of droplet locomotion using the LSM [7]
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In Figure 18 (c), the droplet lies on its starting electrode and has begun to
experience the resulting force from the electric field; some waviness can be seen
at the interface. The interface appears as a rainbow color scheme. Furthermore,
the manner in which the interface changes, as time progresses, appears to stray
from reality; especially with regards to the smoothness of the outline of the
droplet. Amiri, et al., also performed a direct comparison of the methods and
published a telling figure which agrees with the results shown previously. Below,
in Figure 19 (b), the instability can be seen from the LSM as mentioned before;
especially in contrast to Figure 19 (a) where a crisp interface is established by
the PFM.

(a)

(b)

Figure 19: Rectangular bubble profile computed by PFM (left) and LSM (right)
prior to initialization step (before time dependent solving) [56]
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The PFM does a much better job at tracking and outlining the interface [7].
It therefore appears much smoother at the start of the simulation and throughout
the locomotion of the droplet; this is illustrated below, in Figure 20 [7].

Figure 20: COMSOL model of droplet locomotion using the PFM [7]
A side by side comparison of an experimental and simulated droplet movement
was perform by Nahar, et al., (2015) and further illustrates the realistic shapes
given by the PFM. Below, in Figure 21, a contrast of droplet locomotion simulated
by the PFM and experimental methodology is depicted.
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Figure 21: Comparison of interfacial tracking and geometry of experimental and
simulated droplet locomotion [7]
The phase field and level set methods get compared rather often due to
their nearly complete overlap in potential application. One distinguishing
characteristic of the PFM is the consistent illustration of the method’s ability to
conserve mass throughout the progression of a simulation [56,7]. Amiri, et al.,
performed a comparison between the two methods with the application being the
simulation of a seeping fluid through porous media. In Amiri’s study it was found
that the water volume fraction, RV, began to lose convergence as the Cahn
number increased; tD represents the time in the simulation [56]. The Cahn
number is a dimensionless quantity relating the interface thickness and a
characteristic length of the model [56]. A graph comparing the LSM and PFM’s
abilities to maintain appropriate water volume fractions can be seen below in
Figure 22.
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Figure 22: Comparison of volume fraction conservation between the PFM and
LSM [56]
In addition, Amiri, et al., claims that the PFM provides a more realistic and
complete representation of pressure gradients and therefore resulting fluid
profiles [56]. Furthermore, the PFM illustrates a lower number of steps used in
simulation. A comparison of the number of steps utilized to converge the same
solution for both the PFM and LSM is shown in Figure 23, below [56].

Figure 23: Number of steps to completion - PFM (left) and LSM (right) [56]
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With that said, the LSM has been used in conjunction with the volume-of-fluid
method to conserve the mass of the droplet through the length of the simulation;
thus providing a remedy for the LSMs greatest setback. A figure of this particular
variety of the LSM being compared to experimental outcomes is below, in Figure
24 [57].

Figure 24: Numerical simulation (dark line), experimental (light line). At t = 0 ms
(a), t = 11 ms (b), t = 21 ms (c), t = 25 ms (d), t = 33 ms (e) and t = 40 ms (f) [58]
2.2.2. Experiment Driven Parameters
While modeling or realizing a digital microfluidic system with an electrode
array, as described previously, there are several design parameters to consider.
Parameters like interface thickness, applied voltage and frequency, droplet and
electrode size, and electrode gap all play a role in the successful output of a
simulation and manifestation of the experiment. For example, for a simulation a
common selection for the interface thickness is the half the largest mesh size
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used in the simulation [21]. Other parameters that aren’t exclusively used in
simulations have a range of optimal values as well. The applied voltage will
control the strength of the electric field and therefore the strength of the force
stemming from the electric field gradient; resulting in a controllable velocity/force
of electrowetting. A successful simulation was complete by Nahar, et al., (2015)
using a 150 Volt application while Nad, et al., found that 100 Volts was sufficient
[7,45]. Contrastingly, Mohseni, et al., used a much smaller voltage of 40 Volts
[59]. Mohseni illustrated a range of voltages used from 40 to 48 volts and how
they affect the movement of the droplet from one electrode to the next. The
droplet shape was clearly a function of the magnitude of the applied voltage,
where the shape became more elliptical via necking as the applied voltage
increased. Furthermore, Mohseni and company showed how the varying
voltages could result in the breaking of the droplet in the instance of a large
enough applied potential [59, 60]. Cho, et al., did a study on several smaller
applied voltages and found the corresponding contact angles induced by
electrowetting. The data is clear, in Figure 25 below, regarding the induced
contact angles correlation with applied voltage and has implications for the
magnitude of pressure that will drive the droplet to the next electrode.
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Figure 25: Resulting contact angle as a function of applied voltages [61]
Jones, et al., found that utilizing these applied voltages at a frequency between
20Hz to 20kHz generated data that was “highly reproducible and, within
experimental error” [62]. Additionally, Abdelgawad and Wheeler found success in
droplet actuation while operating at 18kHz [63].
Droplet size affects the mass in the system necessary to be moved by the
electric force. There is no specific droplet size that is necessary for a digital
microfluidic system to work. Droplet volume varies from the order of nanoliters to
microliters [59,64]. However, the droplet size is clearly a function of the size of
the electrodes used; the radius of the droplet is typically larger than the pitch of
the electrode. A droplet of radius larger than the pitch of electrode allows for the
droplet to reach the adjacent electrode to allow for electrowetting. Paik, et al.,
used a variety of droplet radii. Some of Paik’s droplet radii were smaller than the
pitch of the electrode and some were larger but all found success in movement
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[64]. This is atypical, both Nahar, et al., (2015) and Guan, et al., used droplets
with larger volumes than those of their substrate electrodes [7,6]. Guan, et al.,
found maximum locomotion using a droplet volume about 30% greater than the
volume of the electrode with a droplet volume range of 0.52-0.55 cubic
millimeters and an electrode volume of 0.4 cubic millimeters [6]. A 0.4 cubic
millimeter electrode is on the same order of magnitude of the standard electrode
size. Paik, et al., used a square electrode with a pitch of 1.5 mm and Nahar, et
al., (2015) used a 2 mm pitch electrode; which appears to be the typical
electrode pitch [7,64]. The spacing between adjacent electrodes typical lie about
5-100 microns apart from each other [65,66,67,68,69]. Cho, et al., performed a
study on the gap size of a microarray and its effects on the system's ability to
successfully drive droplet motion at several gap widths. Some highlighted gap
widths were 70, 150 and 300 microns and he and his colleagues found that the
150 micron gap performed on occasion and not as well as the 70 micron gap
[61]. Additionally, the 300 micron gap was not able to even form a neck on the
droplet to initiate movement to the adjacent electrode of interest [61]. Cho, et al.,
performed a study which granted additional attention to droplet movement as a
function of several gap widths and frequencies; the data was collected and can
be seen below in Figure 9.
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Figure 26: Droplet speed as a function of channel gap width and frequency [61]
Table 2: Summarization of experimentally driven parameters
Parameter

Magnitude and Units

Potential Applied

40-150 Volts

Frequency

20Hz – 20kHz

Droplet Volume

Nanoliters to microliters

Electrode Size

Pitch of 1.5mm - 2mm

Interface Thickness (for numerical

Half the largest mesh size, unit of

simulation only)

length

Electrode Gap

5 – 100 (up to 300) µm

2.2.3. Material Driven Parameters
Additional parameters whose properties directly stem from material
selection are contact angle and dielectric permittivity. Contact angle is of
particular importance for droplet electrowetting because the discrepancy between
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the contact angle of the portion of the droplet above the electrode with voltage,
and the contact angle of the portion of the droplet above the electrode without
voltage, results in droplet movement [61]. These two contact angles are the
contact angles of interest and will be referred to as contact angle “on” and
contact angle “off”, respectively. Guan, et al., 2015 and 2016 exhibited a contact
angle “off” of 117° for both years and a contact angle “on” of 54° in 2015 and 90°
in 2016 [6,57]. Guan, et al., 2016 reports using Teflon as the hydrophobic surface
to achieve the 117° contact angle “off” [57]. The greater the difference between
the contact angle “on” and contact angle “off” leads to a greater discrepancy in
radius of curvature and movement of the droplet. This correlation can be seen in
a study done by Dolatababi, et al., where several contact angles (induced by
several applied voltages) and there corresponding necking and geometries are
included [60]. The lower contact angle, in Figure 27 below, indicates a greater
discrepancy from the contact angle “off” common to each respective contact
angle “on” of Dolatababi’s study.

Figure 27: Contact angle on and corresponding droplet necking. Contact angle
on at (a) 𝛳 = 85.6°, contact angle on at (b) 𝛳 80.6°, contact angle on at (c) 𝛳 =
75°. [60]
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Dielectric permittivity controls the amount of charge accumulation near the
electrode surface and can also be controlled by material selection. Nahar, et al.,
(2015) utilized a dielectric with a relative permittivity of 2.5 [7]. Nad, et al., used
the material parylene to make use of a dielectric with a relative permittivity of
2.65 [45].
Table 3: Summary of material driven properties
Parameter

Magnitude Corresponding
and Units

Material

Contact Angle Off

117°

Teflon

Contact Angle On

54° - 90°

Teflon with
voltage

Dielectric Permittivity (relative permittivity)

2.5 – 2.65

Parylene

2.2.4. Droplet – Electrode Overlap and Effects on Force
As mentioned previously, the droplet radius must change with of the size
of the electrode used for a particular system because the droplet must be about
30% larger than the electrode. This implies that a range of droplet to electrode
size ratios exist or a range of overlap lengths exist. Because the overlap of the
droplet onto the adjacent electrode is being exploited to induce electrowetting,
there are implications for the amount of force being generated by electrowetting,
as a function of overlap. Nahar, et al. (2016), did a study on the effects of overlap
on force. The layout of the study, with special focus on the overlap of the droplet,
can be seen in the following figure, Figure 28.
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(a)

(b)

(c)

(d)

(e)

Figure 28: Layout of Nahar’s Overlap – Force Experiment [70]
Figure 28 (a) represents the “SL1 setup” where the red square is one electrode
and the droplet experiences little to no overlap [70]. Figure 28 (b) through (e)
represent the “SL2 through SL5 setups”, respectively, where each of these
setups contain several electrodes [70]. The red rectangles in Figure 28 (b)
through (e) represent the electrodes that are to be actuated to move the droplet.
Each of these rectangular electrodes is 2mm X 0.4 mm [70]. Nahar, et al. (2016),
found that an increase in the actuation force by employing the SL2 through SL5
setups [70]. Below is a table, Table 4, summarizing the increase in resulting
actuation force, for the SL2 through SL5 setups, with respect to the SL1 setup.
Table 4: Summary of percent increase in resulting actuation force for each setup
[70]
Operation Setup

Percent Increase in Resulting Actuation Force

SL2

16

SL3

32

SL4

29

SL5

6
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The SL2 through SL5 setups are clearly more efficient in generating force than
the SL1 setup. The setups get more efficient until after the SL3 setup where the
actuation force is maximized by the amount of droplet overlap. A mapping of the
actuation forces for the SL1 through SL5 operation setups, as a function of time,
are illustrated below, in Figure 29, for additional understanding.

Figure 29: Actuation force as a function of time with various droplet – electrode
overlap setups [70]
2.2.5. Dielectrophortic (DEP) and EWOD Force Calculation
Throughout the literature there are several claims to the calculation of one
of the forces driving droplet motion on a dielectric. The two main forces of
interest are the DEP force and the force resulting from the pressure change due
to the differences in the radii of curvature throughout the droplet, or what will be
referred to as the EWOD force. The EWOD force, or electrowetting on a
dielectric force, was described previously as the force initialized by a change in
contact angle due to an applied voltage. In addition to the various types of forces
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being applied, there are two main systems for which these forces are both
relevant; the parallel plate setup and the open surface setup, described
previously. The parallel plate setup is often more efficient in moving the droplet,
especially with respect to the strength of the DEP force owing to the presence of
a medium which will enhance the gradient of permittivity across the interface.
Furthermore, some of these forces were calculated using crude estimation on
experiments and others were found from simulations. Force calculation values
are often not revealed.
Two DEP forces were found using simulations. The first was found on a
system using an open surface to move around small volumes. The study was
performed by Hunt, et al., and utilized a 5 DCV setup on a droplet of radius of 4
microns [71]. The resulting DEP force was 5 pN [71]. Another study performed by
Wu et used a parallel plate setup and an DC applied potential of 1300 V in
conjunction with a droplet radius of about 100 µm [72]. Wu, et al., found that the
1300 DCV setup yielded a 0.6 µN force [72]. Furthermore, an experimental force
calculation of the EWOD and DEP forces in combination was found by Nahar, et
al. (2016), as was estimated from the droplet motion. Nahar, et al. (2016), used a
much larger droplet radius of 0.576 mm, minimizing the effects of the DEP force
due to the lower ratio of surface area to volume, at the larger scale [70]. Nahar,
et al. (2016), found that with an applied voltage of 150 V a range of forces
between 0.575 µN and 0.566 µN was found for the range of overlap values
described previously. The 0.575 µN and 0.566 µN forces correspond to a
volumetric force of 1437.5 N/m3 and 1415 N/m3, respectively.
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Chapter 3 – Methods
3.1. Methods Contributing to Final Functional Model
The functional electrowetting on a dielectric numerical model was realized
on COMSOL Multiphysics and employed several physical phenomena. The
physics considered by the simulation were two-phase laminar flow, electrostatics,
and the phase field method. Each of these physics and mathematical concepts
were coupled together to form a complete picture of droplet motion. The
geometry of the simulation was simply a square with a hemispherical droplet
inside, resting on the southernmost side of the square; below in Figure 30.

Figure 30: Geometry of Open Drop model – droplet and air domain
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The droplet was modeled using a Boolean difference between a circle and a
rectangle; the bottom section of the droplet was truncated as seen above in
Figure 30. The circle was partitioned at the bottom to replicate the hemisphericallike shape of a droplet quiescent on a hydrophobic surface. The original circle
was of radius 1.5 mm and the square air domain partitioned off 0.6 mm radially
from the bottom of the droplet. Each of these geometries were assigned the
material properties of their respective fluids. Under the multiphysics module the
fluid properties of fluid 1 and fluid 2 were explicitly set to be water and air,
respectively; this was accomplished by selecting the droplet or air domain and
linking each domain with it’s appropriate fluid.
The two-phase laminar flow controlled the motion of the water in the
droplet and the surrounding air domain. The inertial terms of the Navier-Stokes
Equations were neglected and the fluid motion was therefore analyzed as creep
flow; the Reynolds Number was found to be low enough (~10) to neglect the
inertial forces. Several boundary conditions were set in place to replicate a realworld scenario and allow the simulation to converge. First an open boundary was
placed at the top of the air domain to simulate an infinite domain. An inlet and
outlet were placed on the left and right sides of the square air domain,
respectively. An extremely slow velocity of air was allowed to enter the domain.
This was done, in conjunction with the addition of the outlet, to allow the model to
converge by providing pressure relief to the system as the droplet moves. A
laminar inflow boundary condition was selected; inflow velocity and length of flow
development (before entering the domain) were specified. Prior to performing
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electrowetting, a test confirmed the droplet was not moving due to this passing
air flow. The addition of the inlet and outlet assisted in replicating a real-world
scenario where the air is not completely static around the droplet as well as
making the air domain seem open and not a pressure restricting confinement.
The southernmost side of the square domain was selected and granted the
boundary condition “wall” to enable the selection of a the more specific boundary
condition, no slip.
The electrostatics module was setup by first selecting the entire domain to
be operated on. Two electrodes, of length 2 mm, were created and placed at the
southernmost side of the air domain; as seen in Figure 31, below.

Figure 31: Geometry of Open Drop model – zoomed on electrodes
The electrodes are the lines between the 4 points and the electrode gap is the
small space between the two line segments. The electrode gap had a length of
0.1 mm. The electrodes were positioned under the droplet in a variety of ways in
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similar fashion to Nahar’s study discussed in section 2.2.4. The electrode on the
right was given the boundary condition electric potential; this is the electrode
highlighted in Figure 31. The electric potentials were specified; those magnitudes
spanned the range of voltages that induced the range of contact angels at the
triple point found in the literature. The left most electrode was given the boundary
condition ground. A zero charge boundary condition was placed on the air
domains geometry. A force calculation was added to the electrostatics module to
enable a calculation of the force stemming from the surface integral of the MST.
The dielectrophoretic force calculated from the integration of the MST was
calculated and the electrostatics module was then disabled, similarly to the study
performed by Nahar, et al. (2015). It was disabled after the force calculation to
free up computation resources that added up throughout large simulations that
included parametric sweeps [7].
The entire domain was selected to be under the control of the phase field
module. The boundary of the droplet was selected to be the interface between
the air and water domains. Initial values of each of the respective fluids in the
system were specified. The water droplet was selected as fluid 1 and the
surrounding air was selected as fluid 2. A wetted wall boundary condition was
employed to the bottom boundary of the square and was granted a contact angle
of 118⁰. The wetted wall boundary condition is a special condition available
because of the selection of the phase field method; the phase field method is
utilized for interfacing material with changing topologies. An additional wetted
wall boundary condition was added to the right most electrode, overriding the
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previously described wetted wall boundary condition, and was granted various
contact angles. Under the phase field model tab, the parameter controlling
interface thickness was set to be half the maximum element size of the mesh
utilized. Furthermore, under this tab, the mobility tuning parameter and phi
derivative of free energy were set to be 7.5E-3 and 1, in magnitude, respectively.
The activated electrode that was granted its own wetted wall boundary
condition and received several contact angle values. These values were
calculated using the Young-Lippman Equation under the assumption that the
dielectric used was one micron thick; a range of dielectric thickness was found to
be 700 angstroms to 5 microns [73,70]. This established the relationship between
the applied potential, to be place on the on the activated electrode, and the
contact angle placed on the activated electrode. The values used for contact
angles at the triple point spanned the values found in the literature.
3.2. Mesh Refinement Study
A mesh refinement study was conducted to check which size mesh was
performing the best. This performance was measured by the meshes ability to
converge on a solution to a specific parameter, as the mesh size was refined.
Several mesh size ranges were integrated into the study using a parametric
sweep. The performance was also measured by the speed at which the mesh
size could produce data. An optimal mesh element size combination relating to
shorter simulation time length and greater accuracy was found by running the
simulation at several decreasing mesh combination sizes. The parameter volume
fraction of water was analyzed as a function of increasing degrees of freedom.
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Similarly, the interface thickness and density were analyzed as a function of
increasing degrees of freedom.
3.3. Data Acquisition
Using the derived values tab of the results module, several data were
acquired. By performing a line integral over the interface, with the integrand
being the x-component of the MST, the force stemming from electric field
gradients across the interface was evaluated. Additionally, an estimate for the
total force on the droplet was found by calculating the droplet’s mass as well as
the average acceleration over the span of time of droplet motion.
Several parametric sweeps were conducted over parameters that were
postulated to have an effect on microfluidic performance. Droplet overlap and
applied voltage were both considered and every combination of each of the
respective parameters arrays of values were analyzed. In order to find trends for
droplet volume and the applied potentials effect on DEP force, an array of values
for each of these respective parameters was run and integration of the MST was
performed for each value.
3.4. Progress Toward Future Work
Several additional features were attempted to further the accuracy of the
numerical simulation but failed to converge and therefore could not be included in
the simulation. These features included the addition of a dielectric material, a
DEP force, and a slip condition on the bottom wall. A dielectric material could not
be included in the simulation because, with the addition of a geometry below the
bottom side of the square air domain, the wetted wall the droplet sits on would
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now become an internal wall. Internal walls are not allowed to be selected as
wetted walls in COMSOL version 5.3. A DEP force could not be added for a
similar reason as the dielectric material. Boundary stresses cannot be applied to
interior boundaries. The boundary of interest for the DEP force is the interface
between the water and air; this is an internal boundary. Additionally, a
compromising volumetric force was attempted to be integrated into the
simulation, however, the applied force had no effect on droplet motion. Most
troubling to the convergence of the simulation was the addition of a slip condition
on the bottom wall of the square domain. Several forms of the slip boundary
condition were added to the bottom wall including navier slip, slip and slip
velocity. For slip velocity several variations were also attempted. The default
setting for slip velocity was attempted as was the viscous slip selection. The
length specification for the viscous slip selection was attempted spanning several
orders of magnitude; all failed to converge.
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Chapter 4 – Results/Discussion
4.1. Expectations for Droplet Motion
The goal of any numerical simulation is to generate analysis that is as
close as possible to real life while granting the ability to provide critical
information about the system being studied. It is therefore important to analyze
what droplet motion on the Open Drop experiment looks like in the real world.
The specific Open Drop experiment being analyzed as a reference in this case
can be seen below, in Figure 32; to establish a size datum, the electrodes are
2.75 mm2.

Figure 32: The Open Drop experiment being analyzed as a reference [1]
To obtain a better view of the water droplet’s deformation, apparent cohesion,
and locomotion, a progressive snapshot of the droplet movement can be seen
below in Figure 33.
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(a)

(b)

(c)

(d)

Figure 33: Snapshot progressive of droplet movement [1]
In Figure 33 (a) is the starting location of the quiescent droplet. Figure 33 (b) is
an incredible snapshot of necking due to complete actuation of the electrode.
The left half of the droplet is stretched out; indicated by the red arrow. Figure 33
(c) illustrates the result of the recovering pressure discrepancy in the droplet and
resulting sliding and rolling clearly leading to droplet displacement. In Figure 33
(d) the droplet has stopped moving and the obtained a homeostatic internal
pressure. An additional snapshot progression of the same microfluidic setup from
the top down angle can be seen below, in Figure 34. Again, below in Figure 34
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(b) is a picture of necking from electrowetting; demonstrated by the middle
droplet.

(a)

(b)

(c)

(d)

Figure 34: Snap shot progressive of droplet movement – top down angle [1]
Furthermore, a snapshot of the same microfluidic system, from the top down
angle, with the utilization of a larger droplet radii can be seen below. The figures
appear with first, a side by side comparison of a larger droplet and smaller
droplet of similar size to the previous experiment, in Figure 35. Secondly, Figure
35 is followed by the actual movement of these varying radii droplets, in Figure
36 (a) through (d).

Figure 35: Size comparison of new larger droplet to smaller droplet of similar
radius to previous experiments [1]
Notice the increase in overlap onto adjacent electrodes of the larger radius
droplet.
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(a)

(b)

(c)

(d)

Figure 36: Comparison of droplet motion with respect to varying radius [1]
A similar, yet more exaggerated, topological change (necking) can be seen
throughout the motion of the larger radius droplet.
4.2. Results from COMSOL Multiphysics
4.2.1. Droplet Motion
Droplet motion driven by EWOD was achieved in COMSOL Multiphysics
and a full progression of a droplet rolling onto the actuated adjacent electrode
can be seen below, in Figure 37.
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Figure 37: Droplet motion progressive snapshot (largest mesh element: 0.4 mm,
smallest mesh element: 0.006 mm, overlap onto actuated electrode: 0.48 mm,
applied voltage: 57.29 V)
The large red area represents the air domain. The rainbow contour, starting with
red in the air domain and fading to dark blue, is the water-air interface. The dark
blue area represents the portion of the droplet where the interface has ended,
and all water properties are completely reinstated. Notice the legend attached to
the bottom right frame of Figure 37. At the top of the legend is a one,
corresponding to the color red. Red implies a region where only air properties are
utilized in physics calculations. At the “one half” value on the legend, next to
green, half air and half water properties will be utilized. The progressive snapshot
of droplet motion, seen in Figure 37, is shown with a small droplet overlap of
62

0.48mm, a large applied voltage of 57.29 V, and the final maximum and minimum
element mesh size of 0.4 mm and 0.006 mm, respectively.
4.2.2. Mesh Refinement Study
A mesh refinement study (MRS) was performed to analyze the accuracy
of the simulation with respect to various combinations of maximum and minimum
element size. Starting with the coarsest mesh element combination and spanning
to the finest mesh sizes, progressive snapshots of droplet motion, from the
volume fraction perspective, can be seen below in Figure 38.
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Coarsest

Finest
Figure 38: Row by row comparison of MRS progressive snapshots
The volume fraction perspective has a color scheme opposite to the scheme
described previously in Figure 37. The red represents the water and its
properties, the blue represents the air, and the rainbow contour still represents
the interface. The first row of Figure 38 is a progressive snapshot of the coarsest
mesh having a maximum element size of 4.4 mm and a minimum element size of
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0.14 mm. The following five rows is every other mesh element combination used
in the MRS. Rows two through six have maximum mesh element sizes of 1.74
mm, 0.9 mm, 0.6 mm, 0.4 mm, and 0.2 mm and minimum mesh element sizes of
0.14 mm, 0.08 mm, 0.04 mm, 0.01mm,0.006 mm, and 0.001 mm, respectively.
The interface is extremely thick in the first few rows but by the fourth row the
droplet becomes recognizable. The fifth row of Figure 38 is the ninth sub study of
the MRS and is the combinations of mesh element sizes that was chosen for the
duration of the study. Below are pictures of the first, third, fifth, and seventh sub
studies of the MRS.
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(a)

(b)

(c)

(d)

Figure 39: Comparison of the (a) first, (b) third, (c) fifth, and (d) seventh sub
studies of the MRS
Notice the first mesh resolution studies legend only goes up to 0.6. Values
should range from zero to one but even through the fifth sub study the legend’s
maximum value is still 0.9. The areas in red in the first, third, and fifth studies all
receive air and water properties in areas where only water properties should
exist. The interface in sub study one has become so large that no region in the
domain is fully assigned the properties of water. In the third and fifth study the
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maximum values listed is 0.8 and 0.9, respectively; however, the legend goes
past the maximum value. In the seventh sub study the legend max’s out at one,
the interface becomes thinner and crisper, and the portions of the droplet are
assigned properties that are completely water like.
As mentioned previously, the ninth mesh refinement (row 5 Figure 38) was
selected to be used in the duration of the study. This mesh was selected for
several reasons. First, both domains were well resolved and was not too
expensive with regard to computation time. Furthermore, several data from the
droplets interface and motion were analyzed with respect to the degrees of
freedom of each mesh. The ninth mesh converges on the values similarly to the
finer meshes and in much faster fashion; the tenth and eleventh meshes also
crashed the computer several times. Additionally, the finer meshes began to
diverge, with respect to solutions, and oscillate around the ninth MRS produced
value. Below, in Figure 40, the volume fraction of fluid 1 (water) is graphed as a
function of the degrees of freedom. This analysis contains information for the
entire span of the simulation of droplet motion.
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Figure 40: Volume fraction of fluid 1 versus degrees of freedom
Volume fraction is the ratio of the fluid of interest with regard to the other fluid
being consider by the phase field method. The orange data point is the ninth
mesh and the MRS has converged on the value 6 E-6. Other analysis were
performed on the simulation at time zero. Prior to the start of droplet motion the
interface density was analyzed as a function of degrees of freedom, seen below
in Figure 41.
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Figure 41: Interfacial density versus degrees of freedom, at time zero
The initial interfacial density converges to a value of about 500.5 kg/m 3 and
illustrates the that as the interface is defined thinner and thinner the density that
governs the points exactly at the interface will be approach a value that lies
perfectly between the density of water and air which are about 1000 kg/m 3 and
1.204 kg/m3, respectively [74]. Similarly, the interfacial thickness was analyzed at
time zero and as a function of degrees of freedom and can be seen below in
Figure 42.
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Figure 42: Interfacial thickness versus degrees of freedom, at time zero
The ninth data point is again highlighted in orange and appears to be near the
flat portion of the convergence zone but there is slight slope from the ninth point
to the tenth data point of the MSR study. The interface thickness is of course
approaching zero. This is the worst illustration of the ninth refinement’s
performance.
4.2.3. Droplet Overlap onto Actuated Electrode Study
There are two main parameters that the simulation was made to shed light
on. The first being the effect of the overlap length of the droplet on the
neighboring electrodes. The droplets surface length (2D) interfacing with the
hydrophobic surface was sectioned into five even lengths; similar to a study
performed by Nahar, et al. (2016). Data was taken for the varying combinations
of the five sections overlapping the adjacent activated electrode. Each respective
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study, with varying combinations of overlap, will be referred to as OL1, OL2, OL3,
and OL4. The overlaps of the studies were done as follows. OL1 overlapped the
first fifth of the activated electrode while the other four fifths remained on the
ground electrode. This study layout spanned linearly to the OL4 layout where
four fifths of the droplet overlapped the activated electrode. The layout of the
study is the same as Nahar et al.’s study described previously; the layout of that
study can be seen in Figure 28. The overlap for the OL1 study seen in Figure 28
(a) is 0.48 mm and increases by 0.48 mm for each subsequent study. The
overlap study was conducted and the results of the change in droplet movement
as a function of overlap length was quantified by the respective maximum
velocities of each overlap layout. These maximum velocities were measured at a
point that remained in the droplet throughout the span of its locomotion and can
be seen below in Figure 43.

Figure 43: Location of point always located inside droplet
A summary of the maximum velocities can be seen below in Table 5 as well as
the rate at which the overlap effects the maximum velocity which is illustrated in
Figure 44.
Table 5: Summary of the maximum velocities as a function of droplet overlap
Study

OL1

OL2

OL3

OL4

Max. Velocity

0.090030 m/s

0.082335 m/s

0.049858 m/s

0.040953 m/s
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Figure 44: Summary of the maximum velocities as a function of droplet overlap
The trend seen in Figure 44, above, is a nearly linear (R2 = 0.9323) decrease in
the maximum velocity of the droplet as a function of overlap. These results were
not compared to the study by Nahar, et al. (2016) due to the fact the Nahar’s
study had sectioned electrodes that were actuated in a specific sequence.
Additionally, the study, like most studies done with electrowetting, was performed
with a parallel plate setup. This setup, and the inclusion of medium that is
essential to the performance of a parallel plate system, make the data
incomparably different from the open surface setup simulated in here. The
velocities and pressures of the various overlaps can be seen below to enhance
understanding of the overlap’s effect on droplet movement. Velocity snapshots
seen previously were posted in addition to pressure distributions through the
droplet. Below, in Figure 45 are velocity progressive snapshots of droplet
movement with an overlap of 0.48 mm, 0.96 mm, 1.44 mm, and 1.92 mm. All of
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these overlaps were held at a steady voltage and corresponding contact angle of
57.29 V and 54⁰.
0.48 mm overlap

0.96 mm overlap

1.44 mm overlap

1.92 mm overlap

Figure 45: Row by row comparisons of droplet overlap
As stated previously, the smaller the overlap, the greater the velocity of the
droplet; this velocity translates into a greater droplet displacement, seen above in
Figure 45. The 0.48 mm overlap sub study, for example, has moved farther from
the original contour; the black outline centered in each respective image. Below,
in Figure 46, is the same study seen in Figure 45 but from the perspective of
pressure.
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0.48 mm overlap

0.96 mm overlap

1.44 mm overlap

1.92 mm overlap

Figure 46: Row by row comparison of droplet overlap - pressure perspective
As expected, due to the greater movement and maximum velocity seen in the
smallest overlap of 0.48 mm, the pressure gradient is also the largest. The
varying pressure gradient can be seen in the second frame of respective sub
study where the colors are very different on the right and left interiors of the
droplet for the 0.48mm overlap and nearly identical for the 1.92 mm overlap. In
Figure 46, corresponding to the largest overlap length of 1.92 mm, there is very
little pressure gradient seen and, as expected, there is almost no movement and
the smallest maximum velocity.
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The trend of decreasing overlap corresponding to an increase in maximum
velocity, with regards to the results from the model analyzed and displayed
above, can be explained by the time over which the electrowetting force is
applied. In general, the longer a force is applied the greater the induced change
in momentum. For this simulation, the amount of time the electrowetting force
was applied was a function of the droplet’s overlap. The force was applied for a
shorter amount of time, for a larger overlap, because with more overlap there is
less space for a discrepancy in contact angles at the advancing and receding
triple points; this small space is spanned more quickly leading to less time for the
electrowetting force to be applied. Contrastingly, a smaller overlap means there
is more length, at the interface of the hydrophobic surface and electrolyte, to be
spanned where the advancing and receding triples points lie on the actuated and
unactuated electrodes, simultaneously and respectively; this implies there is
more time for the droplet to have a discrepancy in radius of curvature and a
pressure gradient. This allows for the force to be applied for a longer time, or
from another perspective, there is an increase in time for the droplet to
accelerate to a greater velocity. Once the droplet is completely driven off the
unactuated electrode there is no more contact angle hysteresis and therefore no
more electrowetting force to drive locomotion. To summarize, the amount of time
for which contact angle hysteresis exists relates to maximum velocity, which is a
function of overlap.
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This analysis of the how the maximum droplet velocity changes as a
function of contact angle agrees with the Equations 2 and 3, described
previously, and the basic force equation, below.
𝐹𝑎𝑐𝑡
𝑡 =𝑣
𝑚 𝑎

(34)

In Equation 34 𝐹𝑎𝑐𝑡 , 𝑡𝑎 , 𝑚, and 𝑣 represent the actuation force, time of actuation,
mass of the droplet and the droplet’s maximum velocity, respectively. Equation
34 illustrates a linear relationship between the applied force over some time and
the resulting velocity. Equation 34, considered in conjunction with Equation 3,
illustrates that an applied force over some area (pressure), for some amount of
actuation time, also relates linearly to contact angle and radius of curvature. In
this model, the contact angles over the actuated electrode and the rest of the
wetting wall are held constant, for each respective sub study, and therefore
induce radii of curvature that are constant; the two explain the linear relationship
between pressure and contact angle/radius of curvature described by the YoungLaplace Equation, Equation 3.
4.2.4. Contact Angle/Applied Potential Study
Several voltages were applied to the droplet to investigate the effect of
voltage on droplet velocity. The voltages were applied via a corresponding
contact angle at the advancing triple point. These values are found from the
Young-Lippman Equation and are summarized in the table below.
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Table 6: Summary of applied potentials and corresponding contact angles
Contact Angle

90⁰

78⁰

66⁰

54⁰

Voltage

38.18 V

45.86 V

52.16 V

57.29 V

The Young-Lippman Equation makes the contact angle a function of voltage and
the remainder of the section will simply refer to the contact angle. For each of the
calculated contact angles a couple of assumptions were made. The dielectric
used to relate voltage and contact angle would be an assumed 1 micron thick
and the hydrophobic layer could be modeled as a thin low permittivity gap.
The effect of the contact angle used on droplet locomotion was quantified
by the maximum velocity thru a point that always remains inside the droplet, as
describe earlier in Figure 43. The summary of velocity as a function of contact
angle utilizes the maximum velocity because the average is skewed by the fact
the droplet sways back and forth. The desired measurement should reflect the
movement of the droplet toward the actuated electrode of interest; this is
described more accurately by the maximum velocity.
Table 7: Summary of contact angle/voltage and resulting maximum velocity
performed with a droplet overlap of 0.48 mm
CA

90⁰

78⁰

66⁰

54⁰

Max. Velocity

0.047248 m/s

0.065691 m/s

0.079689 m/s

0.090030 m/s

Clearly as the applied voltage increases the corresponding contact angle at the
triple point decreases. As the contact angle at the triple point decreases so does
the local radius of curvature. This leads to a pressure gradient in the droplet. The
lesser the radius of curvature, the greater the pressure gradient and the greater
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the resulting maximum velocity. Trends of contact angle’s effect on droplet
velocity can be seen below in Figures 47.

Maximum Droplet Velocity [m/s]
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0.01
0
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70

80

90

100

Contact Angle [Degrees]

Figure 47: Contact angles effect on droplet velocity
Figure 47 illustrates a linear relationship between contact angle and droplet
velocity with a R2 value of 0.9986 relating the two data. Below, is Figures 48,
which are progressive snapshots of the velocity perspective of each of the
respective contact angle investigated.
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Contact angle: 90⁰

Contact angle: 78⁰

Contact angle: 66⁰

Contact angle: 54⁰

Figure 48: Row by row comparison of contact angle
In the second frame of each respective sub study the contact angle at the varying
contact angle at the advancing triple point can be seen. These varying contact
angles result in a variety of droplet topologies seen in each respective third frame
and displacement seen in each respective fourth frame. The induced 54⁰ contact
angle clearly results in a further displacement than the 90⁰ contact angle which
has little displacement. Below, in Figure 49, are the progressive snapshots of the
pressure distribution for the same contact angles analyzed throughout Figure 48.
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Contact angle: 90⁰

Contact angle: 78⁰

Contact angle: 66⁰

Contact angle: 54⁰

Figure 49: Row by row comparison of contact angle - pressure perspective
Similarly to the overlap study, there is a difference in the pressure distribution on
the droplets interface; the gradients are greater and more prominent in the
droplets exposed to smaller contact angles at the triple point.
4.2.5. Droplet Overlap and Applied Voltage Optimization Study
Both the overlap of the droplet onto the adjacent activated electrode and
the applied voltage have an effect on the droplet’s movement. The two
parameters have been studied together to find the optimal combination of the two
parameters. The results of the various combinations of several sets of each of
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the respective parameters can be seen below, in Table 8. The results posted are
the maximum velocity through the point seen in Figure 43; as described
previously in the contact angle/applied potential study and some of the MRS
data.
Table 8: Optimization table based on droplet overlap and voltage
OL~ Volt

38.18 V

45.86 V

52.16 V

57.29 V

0.48mm

0.047248 m/s

0.065691 m/s

0.079689 m/s

0.090030 m/s

0.96mm

0.036949 m/s

0.051510 m/s

0.068687 m/s

0.082335 m/s

1.44mm

0.026043 m/s

0.035239 m/s

0.043990 m/s

0.049858 m/s

1.92mm

0.025173 m/s

0.030673 m/s

0.035863 m/s

0.040953 m/s

The trends seen in Table 8 are expected but can be seen more clearly in Figure
50, below.

Maximum Droplet Velocity [m/s]

0.1
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1.44mm OL

0.03

1.92mm OL

0.02
0.01

0
30

35

40

45

50
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60

Applied Potential [V]

Figure 50: Trends of voltage and droplet overlap (OL) on droplet velocity
Figure 50 illustrates the previously discussed trends that as the overlap
decreases and applied voltage increases, the droplet velocity increases.
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However, Figure 50 shows that as droplet overlap increases the rate at which the
voltage affects the velocity decreases; the slopes for each respective set of
overlap length data decreases as the overlap of interest increases.
The top right square of Table 8 at the intersection of 0.48 mm and 57.29
Volts was the most optimal setup and was further investigated. The voltage
corresponds to the smallest induced triple point contact angle found to be
induced in the literature and was therefore not altered; the overlap length was
further investigated. Due to Table 8’s trends indicating that the smaller the
overlap the greater the maximum velocity, smaller and smaller overlap lengths
were investigated until the overlap was only 10 microns. This investigation of
smaller overlaps with a constant applied voltage of 57.29 Volts is summarized
below in Table 9.
Table 9: Summary of droplet overlap decreasing study with consistent applied
potential 57.29 V
Overlap

0.48 (T1)

0.38 (T2)

0.28 (T3)

0.18 (T4)

0.01 (T5)

0.090030

0.079921

0.092063

0.11774

0.12986

[mm]
Velocity
[m/s]
The data in Table 9 is rather interesting. Overall the droplet’s maximum velocity
tends to increase as the droplets overlap decreases; except for the case in T3.
An overlap of zero was conducted to ensure the simulation was accurate and the
droplet did not move, as expected. I speculate that a decrease in overlap
contributes to the increase in maximum droplet velocity because the electrode
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remains activated for the duration of the droplets motion. The continuously
activated electrode continuously modifies the contact angle of the droplet as it
slides over the electrode and with more space for the droplet’s inertia to build up
continuously, the maximum speed by the lowest overlap length. Below are
progressive velocity snap shots of T1 and T5; appearing in Figures 51. T2
through T4 were left out because with the small steps between each subsequent
study of 0.1 mm overlap, the velocity profiles were nearly indistinguishable.
T1

T5

Figure 51: Progressive velocity snapshots of further investigated droplet overlap
Above in Figure 51, the overlaps, again, lead to an increase in droplet velocity
and displacement. With a small overlap of 0.01 mm, seen in T5, the droplet
shape begins to become distorted as the droplet travels faster.
4.2.6. Droplet Electric Field
Electric field interaction with the droplet causes realignment of ions in the
droplet and polarization of the dielectric. The applied potential and its effects on
the induced contact angle at the triple point is largely a function of the thickness
of the dielectric used. This implies that the same voltage could induce several
different contact angles depending on the dielectric thickness used. A plot of the
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lowest and highest potentials found to be used in the literature are plotted below
in Figure 52 and Figure 53, respectively.

(a)

(b)

(c)

(d)

Figure 52: Electric field through droplet domain (a) x-component (b) xcomponent, zoomed (c) y-component (d) y-component, zoomed – all 40V
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(a)

(b)

(c)

(d)

Figure 53: Electric field through droplet domain (a) x-component (b) xcomponent, zoomed (c) y-component (d) y-component, zoomed – all 150 V
No intermittent plots were done due to the lack of difference between the
extremity values. The legend displays an expected linear increase in the strength
of the electric field as it spans from the applied 40 to 150 V. On Figure 52 (b) and
53 (b), an interesting dichotomy of electric field line intensities can be seen where
the actuated electrode and zero charge electrode gap meet.
4.2.7. Droplet Force Calculations
An estimate of the EWOD force contributing to the movement of the
droplet was calculated. Two force estimates were performed. The first being the
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largest applied voltage and smallest induced contact angle at the triple point and
the second being the smallest applied voltage. The largest applied voltage of
57.29 Volts produced an estimated force of 42.6 µN or a volumetric force of
about 3045.5 N/m3. The smallest applied voltage produced an estimated 21.2 µN
and a corresponding volumetric force of 1520 N/m 3. Nahar, et al. (2016), did a
similar rough estimate and found a range of forces of 0.575 µN and 0.566 µN
and corresponding volumetric forces of 1437.5 N/m3 and 1415 N/m3, respectively
[70]. The studies were different in several ways. Nahar, et al. (2016), had a
parallel plate setup as opposed to an open surface system. His study also used
an applied voltage of 150 V but his dielectric was thicker and composed of a
different material. Nahar’s dielectric was 5 microns of SU-8 topped and 300
nanometers of Teflon (prior to being spin coated and oven baked) while the
simulations assumed dielectric was 1 micron of paralyne and an infinitesimally
small thickness of Teflon. There are several differences in the setups, but the
force estimations are of similar order of magnitude and provide a good reference.
Calculations of the DEP force were also performed by integration of the
MST, as described previously. Forces were calculated for the extremities of the
range of voltages used throughout the literature for EWOD devices; a range of 40
V to 150 V. The assumption that the force was found at time zero was utilized
throughout all DEP force calculations; real electrode actuations may have a
complete electrode activation time of 11 ms or less, however, integration over the
interface in COMSOL was only able to be performed prior to interfacial
displacement and contortion. The 2D DEP force of the droplet from the COMSOL
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simulation was found to be 0.428 µN/m and 5.078 µN/m for the 40 V and 150 V
potentials, respectively. Furthermore, the voltage values used throughout the
simulation of 38.18 V, 45.86 V, 52.16 V, and 57.29 V all receive DEP force
calculations. The droplet radius was 1.5 mm used throughout the simulation as
well as the 1 micron thick dielectric; additionally, the overlap used was 0.48 mm.
The simulation’s DEP forces were found to be 0.392 µN/m, 0.565 µN/m, 0.731
µN/m, and 0.880 µN/m for the respective applied voltage of 38.18 V, 45.86 V,
52.16 V, and 57.29 V.
Trends of the DEP force were also analyzed. The 2D DEP force as a
function of both droplet radius and applied voltage were investigated and a
summary of the output can be seen in Table 10, below.
Table 10: Summary of DEP force as a function of droplet radius and applied
voltage
Radius/Voltage

10 V

100 V

1000 V

1E-5 m

9.7E-7 N

9.7E-5 N

9.7E-3 N

1E-4 m

1.1E-7 N

1.1E-5 N

1.1E-3 N

1E-3 m

6.0E-9 N

5.9E-7 N

5.9E-5 N

To get a better idea of how droplet radius and applied voltage affected the DEP
force, plots of the DEP as a function of these parameters were generated and
can be seen below, in Figure 54 and Figure 55.

87

1
0.1

DEP Force [N/m]

0.01
0.001
0.0001
0.00001
0.000001

0.0000001
1

10

100

1000

Voltage [V]

Figure 54: 2D DEP force as a function of voltage, constant droplet radius and
overlap of 0.1 mm – log-log plot
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Figure 55: 2D DEP force as a function of radius, droplet overlap of the radius of
each radius of interest, constant voltage of 100 V – log-log plot
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For the trials above the intermediate value of each parameter not under
investigation was used as the constant parameter value. For example, for the
DEP force as a function of droplet radius investigation the applied potential was
held constant at 100 V. An interesting trend can be seen in the log-log plot Figure
54. As the voltage is increased by an order of magnitude the resulting DEP force
receives an increase of two orders of magnitude. The DEP force as a function of
droplet radius changes approximately linearly as the droplet radius changes; for
every order of magnitude the droplet radius changes the DEP also changes
about an order of magnitude; again, a linear relationship.
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Chapter 5 – Conclusion
5.1. Impact
The overarching goal of simulating the Open Drop experiment was to
obtain information leading to a more optimal setup and system operation.
Parameters like contact angle, applied potential, and droplet overlap/radius were
investigated. Measurements of each of these parameter’s effects on droplet
locomotion were quantified with analysis of the droplets velocity. Additionally, the
effects of these parameters on the DEP force assisting in droplet movement were
vetted. Results for the optimal range of magnitudes of these parameters were
obtained when possible as well as trends of the effects of these parameters on
droplet motion.
The contact angle at the triple point and the applied voltage were linked by
the Young-Lippman Equation. A range of applied voltages, spanning the voltages
used in the literature for droplet electrowetting on a similar size scale to the Open
Drop experiment were analyzed. As expected, the larger the applied voltage the
larger the resulting change in contact angle at the triple point. A greater change
in contact angle at the triple point resulted in a greater droplet velocity. A linear
relationship between applied voltage and droplet velocity was found; similarly,
the resulting contact angle had a linear relationship with the droplet velocity, as
expected. The largest induced contact angle at the triple point (from the smallest
applied potential) found in the literature was 90⁰ and resulted in a maximum
droplet velocity of 0.047248 m/s and successful transition onto the neighboring
electrode. These results were simulated on this specific Open Drop experiment
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setup with the critical parameters of an assumed dielectric thickness of 1 micron
and Teflon used as the hydrophobic coating. The minimum contact angle at the
triple point achieved from a large applied potential was found to be 54⁰ in the
literature and resulted in a maximum velocity of 0.090030 m/s and successful
locomotion onto the neighboring electrode, without splitting.
Trends and information about the optimal overlap of the droplet onto the
adjacent electrode was also tested. The information on overlap is especially
significant because it presents information on the proper droplet radius with
respect to the electrode size; which can be easily calculated from the overlaps
analyzed in the study. It was found that a decrease in droplet overlap lead to an
increase in resulting droplet velocity. Furthermore, it was found that as droplet
overlap increases, the rate at which the velocity with respect to the applied
potential, also decreases. This is useful information to know when attempting to
increase droplet velocity. Not only does decreasing overlap increase velocity but
also the rate at which velocity will increase for increasing applied potentials.
The effect of voltage/contact angle and overlap were also analyzed with
respect to their effect on the DEP force on the droplet. A 2D DEP force was
calculated and various trends were found from the results. As the voltage is
increased, the DEP force increased by an order of magnitude greater than the
voltage was varied. The radius and the DEP force had a near linear relationship
in the regime tested; droplet radii of 10 microns to 1 millimeter were investigated.
The results illustrate how the DEP force will affect the system with regards to the
radii and voltages utilized on a system similar to the Open Drop experiment.
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5.2. Future Work
A lot of progress was made contributing to an accurate model of the Open
Drop experiment. However, there are several additions to the model that could
be made to continue progress toward near complete accuracy. To start, as
mentioned in the methods section, there were some limitations on the simulation
stemming from the version of COMSOL used. The issues were the ability to
place a wetted wall or boundary stress on interior boundaries or contours. In
some earlier edition(s) of COMSOL these were boundary conditions that were
able to be set. However, in the newer COMSOL 5.3 edition these boundary
conditions fail and should be updated when COMSOL allows these conditions to
be placed once again.
Some other additions to the model that would improve its realism would be
performing splitting and/or merging, turning off the electrode after some length of
actuation time, and finally scaling the entire model up to three dimensions. Going
through an array of applied potentials, or extremely small contact angles at the
advancing triple point, to find the critical point where the droplet cannot recover
from the necking induced by the activated electrode would be a great start to the
investigation of splitting droplets. Additionally, merging two droplets onto the
same activated electrode would be a challenge but could also provide valuable
information about the simulation’s limitations; as these are common functions
performed on the Open Drop experiment. Furthermore, the activated electrode
currently remains “ON” throughout the entire simulation due to the “ON” setting of
the electrode actually being a prescribed and corresponding contact angle
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applied to the electrode as a wetted wall boundary condition. This could
potentially be modified making the contact angle on the wetted wall boundary
condition a function of time or reactivating the electrostatics package and making
the Young-Lippman Equation, relating the applied potential to the contact angle,
only span the activation time.
The previous changes could be added to the model with the current
physics modules but with the consideration of additional physics the model could
continue, again, to become more accurate/ realistic. One of COMSOL’s heat
transfer modules could be added to incorporate thermophoretic effects. Due to
the presence of an applied voltage and therefore electric field there are some
heat effects that were not included in the simulation. The air and water have their
respective conductivities and are therefore heated locally and differently by the
electric field over the activated electrode. This spatial discrepancy in
conductivities and resulting density and temperature gradients will lead to gravity
and diffusion driven flow. Both flows within the droplet will affect the droplet’s
overall movement. Finally, the last step to improve the model would be to scale
the simulation into three dimensions. This would clearly make the model more
accurate but would also assist in calculating, comparing and utilizing information
about the DEP force.
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APPENDIX

Figure A1: MRS 1 – maximum element size: 4.4 mm, minimum element size:
0.14 mm
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Figure A2: MRS 2 – maximum element size: 2.6 mm, minimum element size: 0.1
mm
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Figure A3: MRS 3 – maximum element size: 1.74 mm, minimum element size:
0.08 mm
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Figure A4: MRS 4 – maximum element size: 1.34 mm, minimum element size:
0.06 mm
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Figure A5: MRS 5 – maximum element size: 0.9 mm, minimum element size:
0.04 mm
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Figure A6: MRS 6 – maximum element size: 0.7 mm, minimum element size:
0.02 mm

109

Figure A7: MRS 7 – maximum element size: 0.6 mm, minimum element size:
0.01 mm
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Figure A8: MRS 8 – maximum element size: 0.5 mm, minimum element size:
0.008 mm
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Figure A9: MRS 9 – maximum element size: 0.4 mm, minimum element size:
0.006 mm
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Figure A10: MRS 10 – maximum element size: 0.3 mm, minimum element size:
0.004 mm

113

Figure A11: MRS 11 – maximum element size: 0.2 mm, minimum element size:
0.001 mm
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Figure A12: Progressive snapshot of droplet motions, velocity perspective,
contact angle at advancing triple point: 90⁰, overlap 0.48 mm
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Figure A13: Progressive snapshot of droplet motions, velocity perspective,
contact angle at advancing triple point: 78⁰, overlap 0.48 mm
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Figure A14: Progressive snapshot of droplet motions, velocity perspective,
contact angle at advancing triple point: 66⁰, overlap 0.48 mm
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Figure A15: Progressive snapshot of droplet motions, velocity perspective,
contact angle at advancing triple point: 54⁰, overlap 0.48 mm
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Figure A16: Progressive snapshot of droplet motions, pressure perspective,
contact angle at advancing triple point: 90⁰, overlap 0.48 mm
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Figure A17: Progressive snapshot of droplet motions, pressure perspective,
contact angle at advancing triple point: 78⁰, overlap 0.48 mm
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Figure A18: Progressive snapshot of droplet motions, pressure perspective,
contact angle at advancing triple point: 66⁰, overlap 0.48 mm
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Figure A19: Progressive snapshot of droplet motions, pressure perspective,
contact angle at advancing triple point: 54⁰, overlap 0.48 mm
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Figure A20: Progressive snapshot of droplet motions, varying overlap - 0.48 mm
velocity perspective, contact angle at advancing triple point: 54⁰
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Figure A21: Progressive snapshot of droplet motions, varying overlap - 0.96 mm
velocity perspective, contact angle at advancing triple point: 54⁰
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Figure A22: Progressive snapshot of droplet motions, varying overlap – 1.44 mm
velocity perspective, contact angle at advancing triple point: 54⁰
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Figure A23: Progressive snapshot of droplet motions, varying overlap – 1.92 mm
velocity perspective, contact angle at advancing triple point: 54⁰

138

139

Figure A24: Progressive snapshot of droplet motions, varying overlap - 0.48 mm
pressure perspective, contact angle at advancing triple point: 54⁰
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Figure A25: Progressive snapshot of droplet motions, varying overlap - 0.96 mm
pressure perspective, contact angle at advancing triple point: 54⁰
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Figure A26: Progressive snapshot of droplet motions, varying overlap – 1.44 mm
pressure perspective, contact angle at advancing triple point: 54⁰
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Figure A27: Progressive snapshot of droplet motions, varying overlap – 1.92 mm
pressure perspective, contact angle at advancing triple point: 54⁰
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